Twin stability under distinct mechanical loads is investigated for highly nanotwinned Cu containing parallel nanotwins~ 40 nm thick. Deformation under compression, torsion, tension and tension-tension fatigue are qualitatively compared in order to assess twin stability as a function of the loading direction and stress. It is observed that the twins are very stable although microstructural changes vary with deformation mode. Deformation-induced grain growth, shear bands and detwinning are also discussed.
Introduction
Highly nanotwinned (nt) materials have shown great potential as an alternative to nanocrystalline metals [1] . It has been found that nt metals have a strength comparable to that of nanocrystalline (nc) metals, with twin boundary (TB) spacing playing the role of the grain size [2] [3] [4] . Hall-Petch plots of the yield strength of nc Cu vs. grain size have been observed to lie on roughly the same line as that for nt Cu vs. TB spacing. However nc metals are quite brittle [5] , while nt Cu has a notably higher ductility [2] .
Another important advantage of the nt microstructure is its stability as compared to nc metals, which have been found to undergo extensive and rapid grain growth under stress [6, 7] . Twin stability is highly correlated to the role of twin boundaries and the mechanisms which allow TBs to move, thereby causing twins to grow or shrink (and even disappear) [8] [9] [10] . The TBs offer a strong barrier to dislocation motion but mechanisms exist to permit their motion. An important mechanism for the growth or shrinkage of a twin/matrix is the glide motion along the TB interface of Shockley partial dislocations under external stress [e.g., [2, 11] . The dislocations may be grouped to form incoherent twin boundaries (ITBs) which form ledges on the TBs [9, 12] .
The extensive glide of individual partial Shockley dislocations or ledges can lead to the disappearance of a twin or matrix and growth of its neighbor. (In the initial microstructure, the distinction of which grains are called twins and which matrix is arbitrary) Therefore, in the present paper we examine the effects of various forms of deformation on twin stability in Cu samples containing parallel columns of highly aligned nanotwins. The Preprint Scripta Materialia 66 (2012) 872-877. DOI: 10.1016/j.scriptamat.2012.01.027 comparison is qualitative in nature. The magnitude of the applied stresses/strains varies but all are large: almost 2 GPa in the case of compression, a significant fraction of a GPa for tension and tension-tension tests, and shear strains of the order of 1 to 20 imposed by high pressure torsion (HPT). However imperfect the matching, these tests reveal differences and similarities in the effect of various forms of deformation which are oriented in different directions with respect to the TBs. Here the term "detwinning" refers to the disappearance of the original nanotwinned structure which may be replaced by a single grain or by a new twin structure with TBs in a different orientation and/or with different TB spacing. Thus, microstructural stability will be correlated to observations or lack therefore of detwinning in the microstructure.
Experimental Procedures
High-purity (99.999%+) Cu foils were deposited onto (100) silicon wafers by interrupted d.c. magnetron sputtering, following the procedures described in previous publications [13, 14] . The films, approximately 170 µm thick, were ''freely" removed from the substrate and were handled as free-standing foils. The initial microstructure consists of columns, parallel to the growth direction, of aligned twins separated by parallel coherent Ʃ3 interfaces. The columns are ~ 500 -800 nm wide; the initial twin spacing, which is highly variable, has a median value of 35 -40 nm [13, 14] . Compression, torsion, tension, and tension-tension fatigue tests were performed at room temperature using a variety of equipment, as described in previous publications [12, [15] [16] [17] . For the different tests the samples were loaded as shown in Fig. 1 , which also shows the initial orientation of the twinned microstructure. In the following sections we discuss the effect of each of the different types of deformation on the stability of the nanotwinned microstructure. 
Results and Discussion

Deformation by compressive stress
In this section the sample was loaded as shown in Figure 1a . Specifically, a polished and lubricated disk of 3 mm diameter was compressed under a stress of 1800 MPa [17] . As a result the thickness of the disk decreased to 0.78 of the original value, corresponding to a negative strain in the axial direction of 25%. FIB and TEM images show little to no loss of twins, and in general the column boundaries remain parallel to the growth direction and are only slightly rough (Fig 2a) . The initial median TB spacing of 35-40 nm drops to ~ 25 nm, roughly the drop expected from the negative strain in the axial direction.
However in a number of cases columns are seen to become increasingly narrow and truncated.
An example is shown in Fig. 2a . These truncation sites may become high stress regions under the applied compressive stress, as noted by a strong dislocation presence (Fig. 2b) . The TB spacing in the immediate region increases notably (in Fig. 2b to 45 nm or even greater, from a post-strain median value of ~ 25 nm in most other regions of the sample). The increase in TB spacing and deviation of some of the column boundaries from their original location parallel to the growth direction are consistent with the motion of Shockley partial dislocations forming ledges gliding on twin boundaries, as described by Wang et al. [9] .
Deformation by shear stress
In this section the sample deformed as shown in Figure 1b To further explore the effect of shear stress, polished disks 10 mm in diameter and 150 µm in thickness were subject to HPT deformation of a 180° twist under a 3 GPa compressive stress between flat anvils. The deformed samples were examined at 1 mm from the center of rotation (see ref. [15] for details of the HPT experiments). The FIB cuts and TEM foils were oriented in the direction of maximum shear strain. Figure 3a shows a FIB image of a transverse cut starting at the sample surface and going some 20 µm into the interior. It can be seen that there is a narrow layer of very fine grains at the surface that is abruptly replaced by large "grains" that follow a twisting pattern ending in columns of the original twins. The overall shear strain sustained by the disk is 21 [15] , but as seen in Fig. 4 of ref [4] , the shear strain in the sample is a strong function of depth. At the surface the shear strain is extremely high, it drops to about 6 at the onset of the large grains, and is estimated to be about 1 where the twins first appear and 0.6 at the center of the sample.
Original TEM measurements indicated that the individual large grains are single crystals but later, very careful TEM measurements showed that these features are still twinned, if somewhat sparsely (Figs. 3b,c) . Selected Area Diffraction (SAD) shows a near perfect twin-matrix relationship. The wedge-shaped appearance of the twin lamella suggests their shrinking behavior by detwinning, likely by the motion of Shockley partial dislocations gliding along the TBs under the applied shear stress [2, 9, 11, 12] . The rounded shape of the left side of the matrix Preprint Scripta Materialia 66 (2012) 872-877. DOI: 10.1016/j.scriptamat.2012.01.027
is the boundary of a "large grain", which has twisted from the original orientation parallel to the surface, as seen in Fig. 3a and Fig. 1 in Ref. [15] . However the TBs have remained roughly parallel to the sample surface. Evidently some twinning structure persists at strains even higher than 1. In the region where the nt structure is largely retained (lower portion of Fig. 3a) , there is some disappearance of the original nanotwins; however, it is generally confined to individual columns (seen in Fig. 3d ).
Deformation by tensile stress
In this section the samples are loaded as shown in Figure 1c using dogbone-shaped samples with a gage length of ~ 6 mm by 3 mm width under different testing procedures.
Tensile Tests
Tensile tests were performed at a strain rate of 10 -4 /s. Figure 4a shows a representative optical micrograph of the gage section after fracture. In a recent study by Hodge et al, the microstructures at various locations within a fractured nt tensile sample tested at room temperature were shown to maintain the highly nt structures, even within the areas of highest deformation [12] . In this study, we go a step further by focusing on the regions near the fractured edge (black box in Fig. 4a ), in which regularly spaced surface depression lines (vertical lines in Fig. 4b ) are observed running parallel to the fractured edge (right side of Fig. 4b ). In the center of Fig. 4b , a FIB trench prepared for cross-section imaging is shown centered across a depression line that is approximately 30µm away from the edge. In Figure 4c , the micrograph depicts a detwinned nanograin structure (highlighted by the black rectangle) which can clearly be observed under the surface depression. A representative micrograph of the nanograined structure can be seen in Fig. 4d . It should be mentioned that FIB cross-section analysis was also done approximately their original orientation [17] .
In order to further explore the microstructural stability of the nt samples and the role of nt's in the observed localized plastic deformation, a tensile test of the nt-Cu (strain rate of 10 -4 /s) was stopped immediately after the yield peak. Figure 5a shows an optical micrograph of the gage section after the test was stopped, in which a clear shear band is observed across the entire width.
A slight difference in the surface roughness is observed in the magnified micrograph in Figure   5b . A representative cross-section FIB micrograph within the shear band region is shown in Figure 5c , in which there is little to no change in the microstructure compared to the as-prepared sample. It should be mentioned that FIB cross-section analysis of the microstructure was done in multiple locations within the shear band region and at various orientations relative to the shear band direction. In all cases, the microstructure was similar to that seen in Fig. 5c . This observation implies that the shear band was formed prior to any major change in microstructure, such as grain growth or detwinning. This result is in contrast to TEM observations by Hong et al [11] , in which shear bands in a Cu-Al alloy processed by dynamic plastic deformation were seen to form as a result of bending, necking, and then detwinning of the original twin/matrix lamella. However, the current study is a report on growth twins, rather than deformation twins, and in addition very minor changes in the twin structure are beyond the FIB resolution.
Tension-tension cycling
Deformation by tension-tension fatigue permits the study of accumulated strain on the nt microstructure. Stresses are applied in the same direction as in the case of the tension tests, but by cycling through several thousand cycles, the microstructure is subjected to a large accumulated strain, far greater than the fracture strain in a tension test. It is seen that fatiguing to failure in the low cycle regime produces a change in the nanotwinned microstructure (See refs [16, 17] ). While most of the original twins remain, column boundaries are disturbed and within a number of columns, the original nanotwins have been replaced by other twins having different twin boundary spacing and orientation (Fig. 6a , see also Fig.3c in ref [16] ). Damage originates at the surface, as is generally the case in fatigue failures. An SEM image (Fig. 6b) of the surface of a sample cycled between 550 and 55 MPa to failure at ~4000 cycles shows parallel depressions, crossing the surface at an angle of roughly 30° to the tensile stress direction. The image was taken about 1 mm away from the fracture site. These lines become more apparent as the fracture edge is approached. Closer to the fracture another set of parallel lines appears, slanted in the opposite direction (see Fig.7a in [17] ). (This second set of lines might have been present but not apparent in Fig. 6b because of the tilt of the sample during imaging.) Surface cracks tend to appear at the intersection of two lines from the opposite sets (Fig 6c) . A FIB image (Fig. 6d) 
Summary and Conclusions
Samples of Cu containing highly aligned nanotwins have been deformed in four different configurations. In all cases the magnitude of the stresses, while differing from test to test, were large. To a significant extent the nanotwin structure survived the deformations. However differences exist in the resultant changes to the microstructure. The nanotwinned microstructure under compression is very stable under a high stress perpendicular to the TBs. Essentially no change was seen in the hardness (i.e., yield strength) as a result of the compression [17] .
In the torsion experiments, a strong shear strain in the direction of the TBs has been shown to affect the twinned microstructure, either destroying it altogether by intense grain refinement near the sample surface, or else changing the original twins into grains. However the original columns of twins in the sample interiors have persisted even up to the high shear strain of 1, and evidence of persistent twinning in the grains is seen at even higher shear strains.
In the tension tests detwinned nanograined structures were only seen to form within observed surface depression lines near the fractured surface and along the actual fractured edge.
The nt structure was overall very stable, even near the nanograined regions. In addition, there was no noticeable change in the nt spacing or the TBs orientations within the non-fractured shear bands, indicating that the shear bands were formed prior to the detwinned nanograined structure.
Tension-tension cycling in the low cycle regime (failure in the several thousand cycles)
with the stress direction parallel to the TBs, leads to a significant change in the nanotwinned 
